I. INTRODUCTION
We present ab initio calculations on the diatomic monofluorides MF, where Mϭfirst row transition metal element, Ti, V, Cr, and Mn. The inherent complexity of transition metal-containing molecules, makes the study of diatomics like MF ideal prototypes for the better understanding of larger molecular systems, as well as a reasonable testing ground for calibrating the capabilities and evolution of ab initio quantum mechanical methods. In addition, the comprehension of the chemical bond between a first row transition metal and a main group element is of considerable practical importance in the fields of organometallic chemistry, catalysis, high temperature chemistry, and even astrophysics. 1, 2 It is known by now that spectra of diatomic molecules containing a 3d transition metal element are prominent in the spectra of cool stars and sunspots. 2 Although transition metal fluorides have not been observed in stars, the recent observation of AlF in the atmosphere of carbon stars, 2, 3 suggests that fluoride diatomics such as MF could also be detected.
The reasons above, as well as our continuous interest in the electronic structure of transition metal-containing molecules, was the motivation for a systematic study of the MF, MϭTi, V, Cr, and Mn series.
Experimental interest on transition metal fluorides goes back to the mid-sixties, when Margrave and co-workers measured the dissociation energy (D 0 ) of ScF, 4 TiF, 5 CrF, 6 and MnF ͑Ref. 7͒ using high temperature mass spectrometric methods. The existing experimental literature on TiF, VF, CrF, and MnF is summarized in Table I . Note the conflicting experimental results on the identity of the TiF and VF ground states, and the lack of experimental D 0 values for the latter.
Practically all theoretical results on the MF series are listed in Table II . In 1987, Dement'ev and Simkin, 24 and in 1989, Averyanov and Khait 26 performed singles and doubles configuration interaction ͑CISD͒ calculations on TiF and VF, respectively. Recently, Boldyrev and Simons 25 studied the ground (X 4 ⌽) and two excited states (A 4 ⌺ Ϫ , 2 ⌬) of TiF using mainly coupled cluster singles and doubles with perturbative triples ͓UCCSD͑T͔͒ calculations, reporting dissociation energies, harmonic frequencies ( e ) and dipole moments ͑͒. In 1999 Harrison 27 published an extensive multireference ͑MRCI͒ and coupled cluster ͓RCCSD͑T͔͒ study on CrF, including Darwin and mass-velocity relativistic corrections ͑Cowan-Griffin approach͒, dealing with the ground (X 6 ⌺ ϩ ) and six excited states, but he did not provide potential energy curves. We will contrast Harrison's results to our own in the Results and Discussion section. For reasons of completeness we would like to add at this point that 20 years ago Harrison published an extensive and insightful work on ScF, examining 30 states at the generalized valence bond (GVB)ϩCI/͓5s4 p3d/ Sc 3s3 p1d/ F ͔ ansatz. 28 Finally, Simard et al., 17 reported experimental as well as ab initio MRCI results, studying theoretically the ground and seven excited states of CrF. Presently, we report high level MRCI and RCCSD͑T͒ ͑for the ground and first excited states͒ calculations using large to very large basis sets, for 8, 8, 7 , and 11 states of TiF, VF, CrF, and MnF, respectively. To the best of our knowledge no theoretical calculations of any kind on MnF have been published heretofore. The TiF and VF excited states studied here span an energy range of about 1 eV, about 2 eV in CrF, and around 4.5 eV in the MnF case.
It is rather reasonable to assume that the bonding character of the MF molecules should have a dominant ionic component M ϩ F Ϫ ͑see also Refs. 28 and 17͒. Therefore, and at least not far from the equilibrium geometry, we can envisage an M ϩ metal cation interacting with the electric field created by the approaching F Ϫ anion. This gives us a strong 5 D and better disposed for bonding in the VF system, dictate low-lying ⌺, ⌸, ⌬, and ⌽ molecular states, quintets and/or triplets. Following the same line of thought, we con- sidered quartets and sextets of ⌺, ⌸, and ⌬, and quintets and septets of ⌺, ⌸, ⌬, ⌽, and ⌫ symmetries for the CrF and MnF, respectively. We believe that the present study will help experimentalists and theoreticians alike to better characterize and clarify the electronic structure of these chemically simple but otherwise fairly complex molecules.
II. BASIS SETS AND METHODS
For the fluorine atom the correlation consistent basis set of quadruple-Z quality augmented with a series of diffuse functions ͑aug-cc-pVQZϭAQZ͒, 13s7 p4d3 f 2g was used, generally contracted to ͓6s5 p4d3 f 2g͔. 30 For the metal atoms the atomic natural orbital ͑ANO͒ Gaussian basis sets 21s16p9d6 f 4g ͑Ti͒ and 20s15p10d6 f 4g ͑V,Cr,Mn͒ were employed, similarly contracted to ͓7s6 p4d3 f 2g͔. 31 This one-electron space contains 164 spherical Gaussian functions and was used uniformly for the construction of all MF ͑M ϭTi,V,Cr,Mn͒ potential energy curves ͑PEC͒ and for all states studied. In addition, and for all states of TiF and VF and for two states of CrF and MnF ͑ground and first excited͒, the effect of one additional h (lϭ5, ␣ϭ0.8͒ function was also examined. In addition, the newly developed Ti correlation consistent-type basis set͑s͒ of Bauschlicher, 32 21s16p9d contracted to ͓7s8 p6d͔ and augmented by a series of ''polarization'' sets, namely 2 f 1g ͑TZ͒, 3f 2g1h ͑QZ͒, and 4 f 3g2h1i ͑5Z͒ were tested on the ground and first excited state of the TiF molecule. The corresponding basis sets for F were Dunning's aug-cc-pVnZ, nϭT, Q, and 5 respectively. 30 Finally, in the core-correlated calculations of the TiF system ͑vide infra͒, in conjuction with the correlation consistent-type TZ, QZ, and 5Z basis, the latter were augmented by 1 f ͑CTZ͒, 1f 1g ͑CQZ͒, and 1 f 1g1h ͑C5Z͒ core-Gaussians. 32 Thus our largest contracted basis set used in the TiF molecule, ͓7s8 p6d5 f 4g3h1i/ Ti 7s6 p5d4 f 3g2h/ F ͔, numbers 305 spherical Gaussians.
The complete active space self consistent fieldϩsingle ϩdouble replacements ͑CASSCFϩ1ϩ2ϭMRCI͒ method was employed to construct potential energy curves ͑PEC͒ for all four MF species and states. Although the MRCI approach is the most general and conceptually satisfying technique to understand bond formation-bond breaking problems it becomes computationally very demanding and complex as the number of active electrons increases, say, beyond 10. In the present case the number of valence electrons ranges from 11 ͑TiF͒ to 14 ͑MnF͒. However, by ''chemical intuition,'' the 2s 2 2 p x 2 2 p y 2 space of the F atom can be excluded from the active space with impunity. Thereby, our functional valence space chosen for the MF molecules is composed of 8 orbital functions, correlating asymptotically to the limited valence spaces of M(4sϩ3dϩ4 p z ) and F(2p z ) atoms. Trial CASSCF calculations showed that the 4p z function on the metal atoms are necessary for proper dissociation. Considering now the 1s 2 2s 2 2 p 6 3s 2 3 p 6 and 1s 2 electrons of M and F, as core ͑inactive͒, our zeroth-order spaces are formed by alloting 5, 6, 7, and 8 e Ϫ among 8 orbitals, giving rise to 135, 110, 63, and 27 configuration functions ͑CF͒ for the TiF, VF, CrF, and MnF ground states, respectively. For the A 7 ⌸ state of MnF only, and for reasons that will become clear later, the active space of the Mn atom was extended to 4s ϩ3dϩ4 p, i.e., the total functional valence space comprises 10 orbitals instead of 8. It should be stated at this point that all our CASSCF wave functions obey symmetry and equivalence restrictions.
Dynamic valence correlation was extracted through single and double excitations out of the zero-order space͑s͒ within the internal contraction ͑ic͒ ansatz 33 as implemented in the MOLPRO ͑Ref. 34͒ package. Our largest uncontracted CI expansion ͑VF, states 3 ⌽ and 3 ⌸) contains 73ϫ10 6 CFs, reduced to about 2.4ϫ10 6 internally contracted using the ͓7s6 p4d3 f 2g/ V AQZ/ F ͔ basis. To estimate core (3s 2 3p 6 ) correlation effects with the above basis, ic-MRCI calculations were performed out of the CASSCF space͑s͒ but including the 3s 2 3 p 6 e Ϫ of the metal atoms in the CI process. These calculations will be referred to as C-MRCI. The number of CFs involved in the C-MRCI ͑ic C-MRCI͒ computations ranges from 137ϫ10 6 (5.7ϫ10 6 ) in the X 4 ⌽ state of TiF, to 385ϫ10 6 (9.3ϫ10 6 ) in the 4 ⌸ state of the CrF mol- , where P is a generic property, P ϱ its CBSlimit, n the cardinal basis set number, and A, B freely adjustable parameters. 35 For reasons of comparison and at the ͓7s6 p4d3 f 2g/ M AQZ/ F ͔ basis, valence restricted coupled-cluster singles and doubles including noniterative triples ͕RCCSD͑T͖͒ calculations were performed around equilibrium for all four MF molecules ͑MϭTi, V, Cr, and Mn͒ ground and first excited states. RCCSD͑T͒ calculations including the 3s 2 3 p 6 core electrons of M will be referred to as C-RCCSD͑T͒.
Scalar relativistic effects for all MF molecules and for the ground and first excited states were estimated at the ͑va-lence͒ MRCI level via the one-electron first order DouglasKroll ͑DK͒ approximation, 36, 37 uncontracting at the same time the ANO and AQZ basis sets of the M and F atoms. Similar relativistic calculations and for the same states were performed at the C-MRCI level of theory. For the TiF X 4 ⌽ and A 4 ⌺ Ϫ states, DK calculations were done as described above, but using the uncontracted C5Z/ Ti A5Z/ F correlation consistent-type basis set of the Ti atom. 32 The C-MRCI ͑un-contracted basis͒ expansion of the TiF X 4 ⌽ state contains 830ϫ10 6 CFs, reduced to 14.8ϫ10 6 in the internal contraction scheme.
Size nonextensivity errors at the ͕MRCI,C-MRCI͖/ ͓7s6 p4d3 f 2g/ M AQZ/ F ͔ ͑ϩDavidson correctionϭϩQ͒ level for the TiF, VF, CrF, and MnF ground states are ͑in mhartrees͒, ͕12͑4.5͒,34͑12͖͒, ͕12͑5.5͒,26͑7.7͖͒, ͕13͑3.4͒,29͑7.8͖͒, and ͕14͑5.4͒,28͑8͖͒, respectively. On the average, a size nonextensivity error of 13͑5͒ mh is observed at the MRCI ͑ϩQ͒ level of theory. Obviously, size nonextensive effects are the most deleterious drawbacks of the MRCI approach as the number of active electrons increases, particularly if one is interested in obtaining accurate dissociation energies. The situation is significantly ameliorated by using the supermolecule approach in calculating D e values due to cancellation of errors and/or using the Davidson correction ͑ϩQ͒, or the multireference averaged coupled pair functional ͑MR-ACPF͒ approach of Gdanitz and Ahlrichs. 38 For this reason and in order to monitor our MRCI/͓7s6p4d3 f 2g/ M AQZ/ F ͔ results, we also performed MR-ACPF calculations around equilibrium geometries for almost all states of the MF series. For the TiF, VF, CrF, and MnF ground states for instance, size nonextensivity errors at the MR-ACPF level are 2.0, 1.6, 0.3, and 0.7 mh, respectively, a significant improvement over previous results.
Two more things should be addressed: ͑a͒ Indicative basis set superposition error ͑BSSE͒ corrections were obtained by applying the usual counterpoise approach 39 Table III lists total energies and ionization potentials ͑IP͒ of the Ti, V, Cr, and Mn series in a variety of methods at the ANO-͓7s6 p4d3 f 2g͔ basis. We examine the IPs of the M atoms because in the M-F series and in all states examined, the in situ M is highly ionized ͑see below͒. Contrasting experimental vs theoretical IPs, we first observe that the MRCI ͑ϩQ͒ numbers are in fair agreement with experiment, the differences being ⌬E(exptϪtheory)ϭ0.170(0.159), 0.356 ͑0.243͒, 0.366 ͑0.316͒, and 0.338 ͑0.186͒ eV for Ti, V, Cr, and Mn, respectively. ACPF results are practically the same to MRCIϩQ. At the C-MRCI ͑ϩQ͒ level the situation, on the average, becomes rather worse due to severe size nonextensivity errors: ⌬Eϭ0.140(0.049), 0.507 ͑0.328͒, 0.337 ͑0.205͒, and 0.471 ͑0.285͒ eV along the M series. It seems by now that, on the average and within the multireference CASSCFϩ1ϩ2 approach, the best results between experimental and theoretical IPs are obtained at the MRCI-DK ͑ϩQ͒ level: Indeed, at this level ⌬Eϭ0.126(0.114), 0.027 ͑Ϫ0.065͒, 0.245 ͑0.192͒, and 0.268 ͑0.111͒ eV.
III. ATOMIC STATES OF Ti, V, Cr, AND Mn
The numbers above show that the calculation of even atomic properties of the first row transition metal elements by first principle methods is not a trivial task.
Finally, the electron affinity ͑EA͒ of the fluorine atom in the CISD ͑ϩQ͒/AQZ level is 3.03 ͑3.24͒ eV as compared to the experimental value of 3.40 eV. 42 It is of interest to note that even at the doubly augmented quadruple zeta CISD ͑ϩQ͒ level the F electron affinity does not improve, EA ͑dAQZ͒ϭ3.04 ͑3.25͒ eV, but the RCCSD͑T͒/AQZ value is 3.38 eV in excellent agreement with the experimental value.
IV. RESULTS AND DISCUSSION
Tables IV, V, VI, VII, and VIII list our numerical results for the ground and excited states of TiF, and VF, CrF, MnF, respectively. Potential energy curves ͑PEC͒ at the MRCI level of theory along with energy level diagrams ͑insets͒ are shown in Figs. 1-5 .
A. TiF
Experimentally, the ground state of TiF was proposed to be of 4 
Within this notation the ͉X 4 ⌽͘ configuration is written
Similarly, the leading CASSCF equilibrium CFs of the next seven examined states are TABLE III. Absolute energies (E h ) and ionization potentials ͑eV͒ of Ti, V, Cr, and Mn in a variety of methods at the ͓7s6 p4d3 f 2g͔ basis set level. 
͑9͒
a value which does not differ significantly from the ''plain'' MRCI result due to error cancellation.
Moving to Table V where the sequence of TZ/ATZ ͑CTZ/ATZ͒ to 5Z/A5Z ͑C5Z/A5Z͒ correlation consistent- type basis sets is used, and extrapolating to the CBS limit we obtain as before As a final comment on the dissociation energy we would like to add that the MRCI, C-MRCI values differ by ϩ1.6 and Ϫ0.5 kcal/mol from the RCCSD͑T͒ and C-RCCSD͑T͒ values, respectively.
Concerning the bond distance, it decreases by 0.018 ͑0.025͒ Å by moving from MRCI to C-MRCI ͑ϩQ͒, obtaining r e ϭ1.845(1.838) Å at the latter level, in fair agreement with experiment. DK-relativistic effects seem to play no role in the determination of bond distance of TiF. Increasing the basis set to a final 5Z/A5Z ͑Table V͒ the CBS limit bond distance becomes 1.861 ͑1.838͒ ͓1.832͔ Å at the MRCI ͑C-MRCI͒ ͓C-MRCIϩQ͔ level, converging monotonically to the experimental value. The RCCSD͑T͒ r e value is larger than the MRCI one by 0.012 Å, however it decreases by 0.036 Å at the C-RCCSD͑T͒ level, twice as much than the corresponding decrease between the MRCI and C-MRCI values ͑0.018 Å͒, thus in excellent agreement with experiment. It is worth mentioning at this point that RCCSD͑T͒ calculations based on CASSCF orbitals instead of HF, produce an r e ϭ1.863 Å, identical to the MRCI r e value.
Depending on the method, the e values range from 637 ͑MRCI-DK͒ to 662 ͑C-MRCIϩQ͒ cm Ϫ1 . At the C-MRCI level we obtain ⌬G 1/2 ϵ e Ϫ2 e x e ϭ648 cm Ϫ1 , just 2.7 cm Ϫ1 lower than the experimental one, or 647 using the corresponding C5Z/A5Z values of Note that using the C5Z/A5Z basis makes the DK-relativistic effects on D e almost negligible ͑Ϫ0.2 kcal/mol͒.
B
The equilibrium CASSCF configurations of these states are given in Eqs. ͑3͒-͑8͒, all of them but the C 4 ⌬ being of multireference character. All states are strongly ionic conforming to the model Ti ϩ F Ϫ with a total Mulliken charge transfer from Ti to F of about 0.7 e Ϫ ͑Table IV͒. Unfortunately no experimental data exist for any of these states.
At the highest level of calculation, C-MRCI ͑ϩQ͒, the 4 Concluding the description of the TiF species, it can be said that the leading feature of all states studied is their overwhelming coulombic character, resulting to PECs of very similar morphology: In all states bond distances vary by no more than 0.11 Å, or 0.04 Å if we exclude the C 4 ⌬ and a 2 ⌬ states, while harmonic frequencies peak around 640 cm Ϫ1 within an energy range of 0.8 eV ͑Fig. 1͒.
B. VF
To the best of our knowledge there are only two experimental works in the literature on VF ͑Table I͒. In 1980 Jones and Krishnamurty 10 observed for the first time the emission spectrum of VF in the 3.4 -3.6 eV ͑3660-3440 Å͒ region. By comparison with CrO(X 2 ⌸), 44 isoelectronic to VF, it was suggested that the ground state of VF is of 5 ⌸ symmetry. 10 In 2002, Bernath et al., 11 by investigating the emission spectrum of VF in the 3400-17000 cm Ϫ1 region and by comparison with the isovalent species VCl(X 5 ⌬), 45 proposed that the ground state of VF is of 5 ⌬ symmetry, but they did not rule out the possibility of an X 5 ⌸ state ͑see also Table I͒ .
We 
B
The CASSCF equilibrium configurations of the two quintets are
The four triplet states have ''genuine'' multireference character; we give below their leading CASSCF equilibrium configurations 
C. CrF
Rotational spectroscopy 13, 16 indicates that the ground state of CrF is of 6 ⌺ ϩ symmetry in agreement with the best ab initio results of the literature by Harrison at the multireference level 27 ͑see also Tables I and II͒ At the C-MRCI-DK or C-RCCSD͑T͒ levels the bond distance is in complete agreement with the experimental value 13 and the same is true for the harmonic frequency ( e ) in almost all computational levels.
A
6 ⌸, a 4 ⌺ ¿ , B 6 ⌺
¿
Relatively recently experimental results have been published by Launila and co-workers for the sextets 6 ⌸ ͑Refs. 14, 15͒ and 6 ⌺ ϩ . 13 While there is no doubt by now that the 
͑22͒
For these states, as in all molecules and states presently studied, about 0.7 e Ϫ are transferred from the metal atom to 2 p z (2) of the F atom around the equilibrium geometry.
The A 6 ⌸ state arises from the X 6 ⌺ ϩ state by moving a 2 x (ϭ3d x ) electron to a 4͓Ϸ(0.65)(3dϪ4s) ϩ(0.17)4p z ͔ orbital. As seen from Fig. 3 15 Assuming that the DK-effects in both C-MRCI and C-RCCSD͑T͒ methods affect the internuclear distance similarly, at the C-RCCSD͑T)(ϩh) level we obtain r e ϭ1.831Ϫ0.002 ϭ1.829 Å, now in complete agreement with the experimental value.
It is interesting to follow the behavior of the different computational approaches concerning the A 6 ⌸ -X 6 ⌺ ϩ energy separation. Experimentally, 15 T e (A 6 ⌸←X 6 ⌺ ϩ ) ϭ8134 cm Ϫ1 . At the MRCIϩQ or MRACPF level the agreement is more than fair ͑Table VII͒, considering the inherent difficulties of these systems. At the C-MRCIϩQ, T e ϭ7774 cm Ϫ1 just 1 kcal/mol smaller than the experimental value, and we surmise that approximately the same results would have been obtained at the C-MRACPF level. However, the addition of DK relativistic effects is problematic, reducing the T e with respect to MRCI and C-MRCI values by 681 and 837 cm Ϫ1 , respectively. More or less similar trends are reported in Ref. 27 , but in conjunction with the Cowan-Griffin relativistic approach. Clearly, the best results are obtained at the C-RCCSD͑T͒ ͓C-RCCSD͑T)(ϩh)] level, where T e ϭ7949͓8047͔ cm Ϫ1 in complete agreement with experiment. We are reminded that the X 6 ⌺ ϩ and A 6 ⌸ are single reference states ͓Eqs. ͑19͒ and ͑20͔͒, therefore adequately described by the CC-approach. The addition of DKeffects on the RCCSD͑T͒ and C-RCCSD͑T͒ is rather detrimental to the T e value being 7455 and 7515 cm Ϫ1 , respectively.
The 
D. MnF
No theoretical results of any kind have been reported in the literature to the present time on MnF. According to Sheridan and Ziurys, 47 the earliest spectroscopic observation of MnF goes back to 1939, 48 where two band systems were observed. From the ESR spectrum of MnF, 49 it was concluded that the radical is best described as Mn state. 29 Taking into account that the bonding is identical in both states, pictorially described by the following vbL diagram in the case of high spin, the 5 S -7 S atomic splitting reflects the corresponding a 5 ⌺ ϩ -X 7 ⌺ ϩ molecular ab initio splitting of about 0.8 eV ͑see below͒.
The spin-forbidden a 5 ⌺ ϩ ←X 7 ⌺ ϩ transition makes the experimental determination of the a -X separation difficult. Launila and Simard using laser-induced fluorescence spectroscopy, 18 give an indirectly obtained estimate of about 3000Ϯ1000 cm Ϫ1 . As they say, 18 ''this estimate, together with considerations involving similar situations with the same setup, indicates that the energy separation between X 7 ⌺ ϩ and a 5 ⌺ ϩ is likely to be 3000Ϯ1000 cm Ϫ1 .'' In a subsequent paper by Launila and co-workers 20 this number is modified to 3500Ϯ1000 cm Ϫ1 . In a more recent experimental work using chemiluminescence spectroscopy and reaction energetics, 22 it is suggested that the a -X splitting is 2500 Ϯ1000 cm Ϫ1 ͑see also ϩ ␦D e ( ϩ Q) ϩ BSSEϭ 107.8ϩ 0.9ϩ ( Ϫ 3.9) ϩ 2.1Ϫ 0.38 ϭ106.5 kcal/mol. At the C-MRCI-DKϩQ level the bond distance differs by just 0.003 Å from the experimental one 20 ͑Table VIII͒.
The C-MRCI-DKϩQ binding energy of the a 5 ⌺ ϩ state is 88 kcal/mol ͑89.4 kcal/mol at the MRCI level͒ with respect to ground state products, at r e ϭ1.803 Å, in contrast to the experimental value of 1.7854 Å. 18 However, the intrinsic bond strength, i.e., with respect to the diabatic fragments 5 ⌸ state is also supported by the fact that even at the MRCI level our r e is smaller, and e larger than the experimental ones. At the C-MRCIϩQ level these differences magnify to ⌬r e ϭ Ϫ0.018 Å and ⌬ e ϭϩ53.5 cm Ϫ1 , a rather unusual behavior for MRCI calculations and taking into account all our previous results on the MF systems. Certainly, further investigation is needed to clarify this point.
For 29 Certainly, its proper description requires a full set of 4p Mn orbitals to be included in the CASSCF active space ͑see Sec. II͒. The result of increasing the reference space by two orbital functions, leads to a dramatic increase of the icMRCI configurational size to about 4.2ϫ10 6 configurations; the corresponding C-MRCI expansion contains ϳ20ϫ10 6 configurations rendering the calculations, indeed, painful.
The CASSCF equilibrium configurations and Mulliken atomic distributions are 2 p x 1.92 2 p y 1.96 . The bonding is succinctly described by the following vbL icon only with highly ionic, but also highly open systems, with very complex spatial electron distributions which cannot be ''simulated'' by two opposite point charges.
The same observations hold true for the dipole moments of the entire MF series and all states presently studied. Figure 6 shows the dependence of ͑ϭ͗͒͘ as a function of interatomic distance of the four X-states. As it should, Ϸ0 from infinity to r M-F Ϸ4 -4.5 Å where the ionic avoided crossing takes over and a whole electron is transferred from M to F. At this point jumps to, for instance, 18.6 D for TiF(X 4 ⌽), close to its ''classical'' value C ϭrϫq ϭ(4.5/0.53)ϫ1ϫ2.54ϭ21.6 D, and the same is practically true for VF, CrF, and MnF X-states. Approaching r e , reduces almost linearly to its final equilibrium value, on the average smaller than the corresponding C by about 3 D. This ''dipole moment loss'' reflects the complex distribution of the open spectator electrons and polarization effects upon interaction.
A second observation concerns expectation value ͗͘ vs finite field FF dipole moments. From Table IX 27 As a final comment, and taking also into account the RCCSD͑T͒ FF values, we can say that the dipole moment of the X-states of TiF, VF, and MnF is very close to 3 D, while our best estimate for the X-state of CrF is close to 4 D.
V. SUMMARY AND CONCLUDING REMARKS
Using multireference ͑CASSCFϩ1ϩ2͒ and coupled cluster ͓RCCSD͑T͔͒ methods in conjunction with large to very large basis sets ͑TiF͒, we have investigated the electronic structure of the diatomic fluorides TiF, VF, CrF, and MnF. We report total energies, dissociation energies, spectroscopic constants (r e , e , e x e ,␣ e ), dipole moments, Mulliken distributions, and potential energy curves ͑PEC͒ for a total of 34 states. Relativistic effects through the DouglasKroll approximation were also examined for the ground and first excited states. Our most important findings can be synopsized as follows:
͑1͒ The ground states of TiF, VF, CrF, and MnF are of 4 
